Studies were done in selected groups of nonhuman primates in which the diet (low fat and high fat as either polyunsaturated or saturated fat), gender, and species (African green monkeys and cynomolgus monkeys) were varied. Large differences In plasma lipld and llpoprotein concentrations were found among these groups, providing the opportunity to examine their relationships to postheparin lipolytic activities (PHLA) including lipoproteln llpase (LPL) and hepatic trlglycerlde lipase (HTGL). PHLA was measured in plasma drawn 20 minutes after injection of heparin (100 units/kg). The assay was done with a radioactive trlglyceride emulsion, and LPL and HTGL activities were estimated after 1 M NaCI Inhibition of the former. LPL activity was high in both species of monkeys, and HTGL activity was low; the ratio of HTGL/LPL was consistently less than 0.5. The mean values for LPL activity did not vary significantly among experimental groups, but significant negative correlations between LPL activity and plasma trlglycerlde concentration were found. Statistically significant diet, species, and gender differences In HTGL activities were found. In hlgh-fat-fed compared to low-fat-fed animals, HTGL activities were higher, and high density llpoprotein (HDL) cholesterol concentrations and the percentages of HDLa, were also higher. African green monkeys had consistently higher HTGL activities than cynomolgus monkeys and had higher concentrations of HDL cholesterol and a greater proportion of HDL as the larger HDL 2b subtraction. Significantly lower HTGL activities were found in females compared to males fed the low-fat diets, and females had a significantly greater proportion of total HDL in the HDL 2b subtraction. In conclusion, these studies have shown that postheparin lipolytic activity in nonhuman primates Is responsive to species, diet, and gender differences and that this response is primarily in HTGL In most cases, total HDL cholesterol concentration and the proportion of HDL as the HDLa, subtraction were higher In groups with higher HTGL activity. If plasma HDL concentration and subtraction distribution are affected by HTGL to decrease HDL and the amounts of larger HDU subtractions, as has been often suggested by others, then our data show that other factors can override this relationship. LPL activity was consistently twofold greater than HTGL activity among the various groups, a finding that may partially explain the low plasma triglycerlde concentrations common in nonhuman primates.
T he postheparin lipolytic activity (PHLA) of blood plasma includes two basic enzymes, lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL), and release of these enzymes into blood plasma from endothelial cell surfaces with heparin serves to provide an estimate of the level of functional enzyme in the body. 1 Both of these enzymes are postulated to have key roles in lipoprotein metabolism, particularly as regulators of clearance of plasma lipoprotein triglycerides, but also to some extent in the remodelling of the phospholipid constituents of lipoproteins, particularly of those in high density lipoproteins (HDL).
The extent that these enzymes would influence the plasma lipoprotein patterns seen in monkeys fed atherogenic diets is not well understood. Goldberg et al. 2 have reported that in cynomolgus monkeys fed monkey chow, the ratio of HTGL/LPL in postheparin plasma was between 0.13 in males and 0.21 in females although significant individual variability occurred. These values were different from those in human beings due to a much higher LPL activity and to a lower HTGL activity in the monkeys. In other studies by Wang et al., 3 postheparin plasma samples from cynomolgus monkeys were reported to have LPL levels similar to those in human beings and to have remarkably lower HTGL activities; high-fat diets were reported to significantly increase LPL Values for plasma concentrations are given as mg/dl and are the means±SEM. Measurements were made from a plasma sample taken from each animal after fasting and just before heparin injection for postheparin lipolytic activities measurement.
Significance was determined by two-way ANOVA, except where an interaction occurred, in which case one-way ANOVA was used; significance applies as indicated by parenthesis.
activity. In studies by Bhattacharyya et a)., 4 the ratio of HTGL/LPL activities in postheparin plasma was near 0.2 in rhesus monkeys that were high or low responders to dietary cholesterol, and the HTGL activities were significantly higher when cholesterol was fed at higher levels. The measured activities of both enzymes were similar to those of Goldberg et a). 2 Nonhuman primates in general, and particularly those fed atherogenic diets high in fat, have consistently low plasma triglyceride concentrations. 5 After consideration of the available data, we hypothesized that this is due to efficient clearance of triglycerides by LPL. Further, the marked heterogeneity in HDL subtractions varies with diet and species of nonhuman primate, and we hypothesized that the pattern of this heterogeneity may be due to variations in the levels of HTGL among the various groups of animals. This hypothesis was based on the idea that HTGL functions to regulate the interconversion of HDU to HDI-3-6 ' 7 Several observations stimulated us to compare the relative activities of HTGL in nonhuman primates. Babiak et al. 8 have found that animals fed polyunsaturated fat have lower concentrations of the larger HDL subtractions (HDLaO than animals fed saturated fat, but have higher concentrations of the intermediate HDL subtractions (HDL3.). African green monkeys have been found to have higher HDL concentrations than cynomolgus monkeys," and the former also have more of the larger HDL subtractions (Rudel, unpublished observations) . Male cynomolgus monkeys have lower HDL concentrations than females, 10 and both cynomolgus and African green monkeys fed low-fat diets have lower HDL concentrations than those fed high-fat diets (Rudel, unpublished data) . We hypothesized that in each of these situations where total HDL concentrations and specifically the proportion of HDL 2 was higher, HTGL would be lower.
The outcome of these studies was somewhat surprising based on these hypotheses. We found that LPL activity in postheparin plasma was uniformly high in all nonhuman primate groups, and was two-to threefold higher than that found in the postheparin plasma of human subjects. It is conceivable that the lower plasma concentrations of triglyceride in nonhuman primates is related to the higher LPL activity, since we found significant negative correlations between LPL activity and TG concentrations in some groups. The groups that had higher HTGL activities were, with one exception, those that also had higher HDL cholesterol concentrations and a higher proportion of the larger HDL 2 subtraction. Only the male/female comparison showed a higher HTGL activity in males coincident with a lower proportion of HDL 2 . While these observations do not mean that HTGL does not mediate some extent of HDL interconversion, they do show that other factors, such as apolipoprotein (apo) A-l production, for example, may be primarily responsible for establishing the HDL subtraction distribution in a given animal.
Methods

Animals, Diets, and Blood Collection
The animals used in these studies were randomly selected from ongoing studies in the Arteriosclerosis Research Center. Table 1 shows the groups studied. Each group had six animals, all animals were adults, and a total of 24 animals from the two species, African green monkeys (Cercopithecus aethiops) and cynomolgus monkeys (Macaca fascicularis), were studied. The highfat diets contained 38% of calories as fat, either saturated fat (P/S=0.3) or polyunsaturated fat (P/S=2.2) and cholesterol, either 0.8 mg/kcal (African greens) or 0.2 mg/ kcal (cynomolgus); the compositions of these diets have been published. 3 -8 Dietary cholesterol levels were adjusted to induce a comparable level of hypercholesterolemia in each species. The low-fat diets were Purina monkey chow. All animals had been on their respective diets for at least 3 months before study.
To obtain blood samples, the animals were fasted overnight and then were restrained with 10 mg/kg of ketamine-HCI (Parke-Davis). Subsequently, the animals were weighed, and blood was taken from the femoral vein into ethylenediaminetetraacetate (EDTA)-containing Vacutainer tubes. Heparin sodium (Upjohn) was then injected intravenously, 100 U (0.85 mg)/kg, and after 20 minutes, the time determined to represent the maximum enzyme activity, a second blood sample was taken. The tubes containing blood samples were cooled to 4°C immediately after collection. Subsequently, samples were centrifuged for 30 minutes at 4°C to remove blood cells, and plasma was withdrawn. Preheparin samples were used for plasma lipid and lipoprotein analyses, and 0.5 ml aliquots of postheparin samples were frozen at -70°C for a subsequent analysis of lipolytic activity. Samples were assayed within 3 months of collection. A larger reference postheparin plasma sample was pooled from several animals at the start of the study, and 0.5 ml aliquots were stored at -70°C for use with all assays as an internal standard.
All animal handling procedures were approved by the institutional Animal Care and Use Committee. All animals are housed in an American Association of Laboratory Animal Science approved facility.
Plasma Upld and Upoproteln Determinations
The concentrations of cholesterol, triglyceride, and HDL cholesterol were measured in the Lipid Analytic Laboratory with standardized methodology that has been described in detail elsewhere. 11 For the analyses of HDL subtractions, the procedure followed was that described by Babiak et al. 8 Briefly, the density of plasma was adjusted to 1.225 g/ml with solid KBr, and the plasma was centrifuged in a Beckman L5-50 ultracentrifuge in a 70.1 Ti rotor for 24 hours at 50 000 rpm. The top layer containing all of the lipoproteins was removed, and an aliquot was mixed with bromophenol blue tracking dye. Electrophoresis was carried out by using a 4% to 30% polyacrylamide gradient gel (Pharmacia Fine Chemicals, Piscataway, NJ) for 24 hours at 125 V. After densitometry, the protein distribution was estimated as the percentage of the densrtometrically measured area. Percentages of HDLs,, HDLaj, and HDUc were summed and termed HDL 3 for the purposes of this article. The standardization of the densitometry has been described 8 ; repeat analysis of the same sample generally yields agreement within 5%.
Assay of Postheparin Upolytlc Activities
The substrate for the enzyme assay was prepared from a commercially available triglyceride emulsion, Intralipid (KabiVitrum, Alameda, CA). It initially contained 20 g of triglyceride (soybean oil), 1.2 g of phospholipid (egg yolk), and 2.25 g of glycerol in 100 ml. Two milliliters of this mixture were put into a centrifuge tube and overlayered with a 0.9% saline solution containing 0.02% azide (d=1.006). Centrifugation was carried out for 18 hours at 15°C and 25 000 rpm in the SW-40 rotor (Beckman Instruments, Palo Alto, CA). After centrifugation, the tubes contained a white band half-way down the tube (phospholipid vesicles) and a layer of emulsion particles at the top. The top material was removed and resuspended, was dialyzed against distilled water, and was diluted to 2 ml; triglyceride and phosphorus analyses were done, and the molar ratio of triglyceride/phospholipid was 20:1. The particle size was determined by electron microscopy after negative staining, and the average particle diameter was about 80 nm. The majority (>90%) of the particles appeared spherical, confirming that most of the vesicular material had been removed.
Tri (9, H) oleylglycerol (Amersham, Arlington Heights, IL) was purified by thin-layer chromatography (TLC) and was extracted from the silicic acid with redistilled ethyl ether. Ether (about 250 /xl) containing purified 3 H-triglyceride was slowly added to the emulsion maintained in a bath sonicator at room temperature. Sonication was continued for 10 minutes after the ether addition to assure full incorporation of the labeled triglyceride into the emulsion. The specific activity of the final preparation was 222 000 dpm/^mol of triglyceride. The radbactively labeled emulsion was diluted to a concentration of 125 mM with 0.2 M Tris (pH 8.5) containing 0.02% azide, and this was stored at 4°C under nitrogen until use. To make up a working solution for one day's assays, two parts of the labeled emulsion were mixed with: 1)1 part of 0.5 M Tris (pH 8.5) containing 5% (wt/vol) of bovine serum albumin, 2) 1.5 parts of 0.2 M Tris (pH 8.5), and 3) one part of heat-inactivated (60°C, 45 minutes) monkey serum as a source of activator apolipoproteins. The final substrate mixture contained 50 mM triglyceride, 1% albumin, and 10% serum in 0.2 M Tris (pH 8.5). Each assay tube received 5 ^moles of substrate. Blank tubes were run with each assay, and the blank values remained essentially constant for at least 3 months, documenting the substrate stability for this length of time.
Postheparin plasma was thawed, and an aliquot was kept on ice while a separate 200 fi\ aliquot was added to a tube containing 14 mg of NaCI to make the final salt concentration 1.25 M NaCI. Both tubes were then kept on ice for 1 hour before beginning the assay. The substrate to be used was divided into two aliquots. To one aliquot, enough NaCI was added to make the final concentration 1.25 M NaCI. Disposable 10x75 mm tubes containing 90 ^l of the appropriate substrate solution were prepared, and 10 /xl of postheparin plasma (including separate aliquots with and without NaCI) were added to start the reaction. Incubation was carried out for 1 hour at 37°C in a Dubnoff shaking water bath. The reaction was stopped by the addition of a 1.5 ml aliquot of benzene/ chloroform/methanol mixture (1.0:0.5 : 1.2, vol/vol/vol) containing 1 mM oleic acid as a fatty acid carrier. A 0.3 ml aliquot of 0.3 M NaOH was then added, the resulting solution was mixed, and centrifugation at 500 g for 10 minutes was done. A 0.5 ml aliquot of the 1 ml upper phase was removed, and the amount of radioactivity was determined in a liquid scintillation counter. Fatty acid extraction is about 90% complete under these conditions. 12 All measurements were made on duplicate incu- 
50±3
All values are the means±SEM. Gradient gels were stained and scanned as described previously." Area percent is an estimate of HDL protein distribution. There were six monkeys in each group.
The significance was determined as described in Table 1 footnote. Abbreviations are given in Table 1 footnote.
bations. In blank incubations, saline was added instead of plasma. The data are expressed as the release of 1 fjmo\ of oleic add/hr/ml of plasma corrected for fatty acid recovery, blank values, and for the relative activity of the reference plasma. If daily variation in the reference plasma analysis was greater than 15% of the mean from previous assays, the experiment was repeated.
Statistical Analyses
Analysis of variance was used to evaluate the data with the SAS software package on a Vax 730 computer (Digital Equipment, Maynard, MA). Pearson's correlation coefficients were also calculated.
Results
The data for the plasma cholesterol, triglyceride, and HDL cholesterol concentrations are given in Table 1 for the various groups. Statistical significance (p<0.05) was determined by using a two-way ANOVA or one-way ANOVA if a significant interaction occurred. For triglyceride concentrations, the values for the animals fed a low-fat diet were higher than for the high-fat-diet groups, and this was true for both species. No species or gender differences in triglyceride concentrations were apparent. For total cholesterol concentrations, the lowest values were in the animals fed monkey chow, and these values were significantly lower than for either of the high-fat groups. The animals fed the polyunsaturated-fat diet had lower total cholesterol concentrations than those fed saturated fat, and this was true for each species (analysis not shown in Table 1 ). For HDL cholesterol in African green monkeys, the groups fed monkey chow had lower values than either of the high-fat groups. African green monkeys fed high-fat diets had higher HDL concentrations than cynomoigus monkeys fed similar diets. There were no significant differences between males and females in any of these lipid parameters although gender differences were only studied in animals fed monkey chow diets.
The distribution of protein among HDL subtractions was estimated by using gradient gel electrophoresis. The data on percent distribution of Coomassie blue staining among HDL subtractions (as an estimate of HDL protein) is shown in Table 2 . In African green monkeys, the monkey chow groups had a significantly lower percentage in HDLa, and a significantly higher percentage in HDLja and HDL3 than the high-fat groups. In cynomoigus monkeys, HDL distribution was generally shifted so that the HDLa, percentage was higher in monkey chow groups. The percentage in HDLjj, was less, and the percentages in the HDL^ and HDL 3 were greater in cynomoigus monkeys compared to African green monkeys; these differences were more pronounced in the high-fat groups where statistical significance was found. In monkey-chow-fed animals of both species, males had significantly lower percentages in HDLa, and significantly higher percentages in HDL 3 than females.
The postheparin plasma lipolytic activities are shown in Table 3 . The only statistically significant differences were in HTGL activity. The biggest difference was in the comparison of diet groups, where the monkey-chow-fed animals were shown to have significantly lower HTGL activity than the high-fat groups. No differences occurred between groups fed polyunsaturated fat compared to saturated fat. A species difference was also found. African green monkeys had significantly more HTGL activity in postheparin plasma than cynomoigus monkeys. Finally, males had significantly higher HTGL activity than the females.
Although the groups were small, correlation analyses comparing lipolytic activities and serum lipid and lipoprotein parameters were attempted by species, and the data are summarized in Table 4 . Some significant correlations were identified. In African green monkeys fed monkey chow, the correlation between LPL activity and plasma triglyceride concentration was negative and significant All values are means±SEM and are the junoles f.a./hr/ml plasma. All measurements were made on plasma drawn 20 minutes after injection of heparin (100 U/kg). There were six monkeys in each group.
The significance was determined as described in the footnote to (r=-0.69, p<0.05). A significant positive correlation (r=0.74, p<0.01) was also identified between HTGL and body weight in these animals. The graphs for these correlations are shown in Figure 1 . No statistically significant correlations were identified in the high-fat-fed African green monkeys. In cynomoigus monkeys, significant correlations between plasma triglyceride concentrations and both LPL (r=-0.76, p<0.01) and HTGL (r=-0.68, p<0.01) activities were found in the high-fat group. In addition, the LPL activity was significantly correlated (r=0.60, p<0.05) to total cholesterol concentrations in the low-fat-fed cynomoigus monkeys (Figure 2) . No significant correlations between HDL cholesterol concentration or subfraction percentage and lipase activities were found.
Discussion
These studies were initiated to test the hypothesis that the relatively low plasma triglyceride concentrations typically encountered in nonhuman primates may be a result of high LPL activities. Several aspects of the data support this possibility. The postheparin plasma LPL activity in the plasma of these nonhuman primates was considerably higher than that in plasma from human beings when both PRIMATE POSTHEPARIN UPOLYTIC ACTIVITY were assayed with the same procedure. Plasma triglyceride concentrations in monkeys fed a high-fat diet typical of the North American diet were consistently below 30 mg/dl, while normal values in human beings are between 60 and 200 mg/dl. This suggests that clearance of triglyceride-rich lipoproteins from plasma will be much faster and more efficient in the nonhuman primate. The significant correlations between plasma triglyceride concentrations and LPL activity found in low-fat-fed African green monkeys and in high-fat-fed cynomolgus monkeys also supports a role for LPL in determining plasma triglyceride concentrations. On the other hand, there were no correlations between LPL activity and plasma triglyceride in other groups, and the LPL activity in postheparin plasma between low-fat and high-fat groups did not differ significantly, even though the triglyceride concentrations were significantly lower in the low-fat-fed animals. It is possible that LPL activity is high enough in all groups to efficiently clear most of the triglyceride from plasma and that remaining is triglyceride not normally cleared by LPL Said another way, LPL is probably an important factor in maintaining* low plasma triglyceride concentrations, although LPL activity does not account for the variability in plasma triglyceride concentrations when they are as low as those seen in these animals. -Another factor that is important would appear to be HTGL The activity of this enzyme was significantly higher, in high-fat-fed.vs. low-fat-fed monkeys of both species, and the high-fat animals had lower plasma triglyceride concentrations. A significant negative correlation between postheparin plasma HTGL and triglyceride concentration was found in the high-fat-fed cynomolgus monkeys. These observations support the possibility that HTGL activity helps to determine plasma triglyceride concentrations even though there was a significantly lower amount of activity of this enzyme released into postheparin plasma compared to that of LPL HTGL is likely to be a more important factor in triglyceride clearance when the bulk of the triglyceride in plasma is not in large very low density lipoproteins (VLDL) or chylomicrons, and this is clearly the case in the fasting plasma from the monkeys of these studies. In studies in which triglyceride distribution has been measured, the distribution of triglycerides among plasma lipoproteins in fasting plasma of nonhuman primates is similar to the distribution of cholesterol. 6 Goldberg et al. 13 have studied the effects of acute inhibition of HTGL activity in cynomolgus monkeys with an antiserum developed to the enzyme isolated from human plasma. Their findings also support a role for HTGL in plasma triglyceride clearance. Three hours after infusion of the antisera, VLDL and intermediate density lipoprotein (IDL) concentrations were elevated, and the low density lipoproteins (LDL) present were more buoyant although somewhat decreased in concentration. The rate of disappearance of radiolabeled apo B from VLDL was decreased, and the rate of appearance of the radiolabeled apo B in LDL from VLDL was delayed. The investigators concluded that HTGL functions in parallel with LPL in conversion of VLDL and IDL to LDL The reason that HTGL activities were higher in the high-fat-fed animals is unknown. Speculation would center around induction of enzyme by substrate, since more fat is handled daily in the fat-fed individuals. The mechanisms by which this could occur are unclear, but nutritional effects on gene transcription, on enzyme turnover, or on substrate availability are all possibilities. It should be noted that a similar effect of high-fat diets compared to monkey chow on HTGL activity has been reported by Wang et al., 3 although their measurement of activity was different from ours, as was their ratio of LPL/HTGL activities (>20 vs. ~2 in our study). Using their assay, a significant diet effect on LPL activity was also apparent: high-fat diets induced LPL activity. The reason for the discrepancy between the laboratories would appear to be in the assay technique. We have modeled our technique after that of Goldberg et al. 2 since they have shown that the activities measured in postheparin plasma by using 1.25 M NaCI inhibition of LPL are similar to those obtained when an antibody for HTGL is employed. While the substrate preparation we have used was different, the activities we report in /^moles f.a. released/hr/ml of plasma are comparable to earlier values. 2 Wang et al. 3 isolated lipolytic activity from plasma, using heparinSepharose chromatography, measured HTGL activity in the absence of an activator with a substrate that was a triton-stabilized emulsion of triolein, and then activated the emulsion with human plasma and measured total liporytic activity. The physiological relevance of the values obtained with such a procedure may be expected to be different from those in our procedure. The stability of the enzymes throughout isolation, the completeness of enzyme recovery, and the physiological relevance of the triton substrate are all possible points of difference. Another hypothesis that we wished to test in these experiments was that interconversion of HDL 2 to HDL 3 is mediated by HTGL activity, as has been proposed by others. 67 The result of HTGL activity in this case would be lower HDL cholesterol concentrations and decreased proportions of the HDLa, subtraction. A recent publication in selected human populations has emphasized this possibility.
14 Individuals representing the higher and lower percentiles of HDL cholesterol concentrations were compared, and significant correlations between LPL and HTGL and HDL 2 cholesterol were identified. In spite of the fact that cause and effect are not established by such cross-sectional data in highly selected groups, the authors state in their title that LPL and HTGL activities are determinants of hypo-and hyperalphalipoproteinemia.
In contrast, our data do not demonstrate consistent relationships between HDL cholesterol concentration or HDL subtraction distribution and HTGL activity. In the animal groups that had the highest HTGL activities (highfat-fed African green monkeys), a higher percent (and therefore a greater protein mass) of HDU was present, and higher HDL cholesterol concentrations were found. Cynomolgus monkeys had lower HTGL activities than African green monkeys but also had lower percentages of HDLa, and lower HDL cholesterol concentrations. No significant correlations were seen between the HTGL activity and HDL subtraction distribution or HDL cholesterol concentration in either species. On the other hand, we did find a significant difference in HTGL activity between male and female African green monkeys that paralleled a difference in the HDL subtraction distribution: males had lower percentages of HDLa, and higher percentages of HDU-These results do not establish a strong case for HTGL as a determinant of HDL subtraction distribution. Rather, they suggest that any role of this enzyme must be considered in the context of all of the factors in plasma that may influence HDL subtraction patterns. Most of the factors that regulate HDL heterogeneity have yet to be identified, but we are aware of dietary effects and species differences in apo A-l production and catabolism 91516 that could influence HDL distribution. In the context of HTGL effects on plasma HDL, it is also interesting to note that no effects on HDL concentrations were found by Goldberg et al. 13 after acute inhibition of HTGL activity in cynomolgus monkeys with an antisera to HTGL
